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Abstract—This paper addresses the problem of amplify-and-
forward (AF) relaying for multiple-input multiple-output (MI-
MO) multiuser relay networks, where each source transmits
multiple data streams to its corresponding destination with the
assistance of multiple relays. Assuming only imperfect chan-
nel state information (CSI) of all the source-relay and relay-
destination links, we propose a robust approach to jointly design
the source and relay precoders and the receive filters, in which
the worst per-stream mean square error (MSE) is minimized
subject to source and relay power constraints. The channel un-
certainties are assumed to be Gaussian distributed and the well-
known Kronecker model is employed to characterize the spatial
correlations in the proposed design. The resultant optimization
problem is nonconvex and therefore, an algorithmic solution with
proven convergence is proposed by resorting to the iterative block
coordinate update approach along with matrix transformation
and convex conic optimization techniques. Simulation results
show that the proposed joint transceiver design can achieve
an improved robustness against the channel uncertainties when
compared to the non-robust approaches.

I. INTRODUCTION

Multiple-input  multiple-output (MIMO) amplify-and-
forward (AF) relaying designed for multiuser networks has
attracted considerable interest in the context of wireless
standards such as 3GPP LTE-Advanced. The relay precoder
optimization has been extensively studied in a single-antenna
multiuser framework, where each source/destination is
equipped with a single antenna, under different design
criteria; see, e.g., [1], [2] and references therein.

However, upcoming wireless standards target mobile broad-
band services with enhanced data rate and quality-of-service
(QoS), which leads to a strong interest in studying cooperative
relaying in a MIMO multiuser framework where multiple
antennas are employed at the sources, relays and destinations.
The joint transceiver optimization in this scenario, although
more challenging than the relay precoder design in the single-
antenna case, can provide further performance leverage. In
the literature, the authors in [3] consider the joint transceiver
design to minimize certain global objective functions, such as
the sum power of interference received at all the destinations
and the sum mean square error (MSE) of all the estimated data
streams, by adopting the alternating minimization approach,
which, however, does not take into account the weighted
fairness of each stream. The authors in [4] consider minimizing
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the total source and relay power subject to a minimum
signal-to-noise-plus-interference ratio (SINR) requirement for
each source-destination link. To this end, a two-level iterative
algorithm is proposed which involves semidefinite relaxation
(SDR); however, the number of data streams transmitted by
each source in this work is limited to one.

The efficacy of joint transceiver design in [3], [4] relies
on the assumption of perfect channel state information (CSI)
of all the source-relay and relay-destination links. In practice,
acquiring perfect CSI at a central processing node is quite
challenging. This is primarily due to the combined effects
of various sources of imperfection, e.g., channel estimation
errors, limited quantized feedback, and feedback delays. The
performance of these previous design approaches therefore
will substantially degrade in the presence of CSI errors.

In this paper, we study robust joint transceiver design for
a general MIMO multiuser relay network in the presence of
statistical CSI errors. Our objective, in contrast to the prior
works, is to minimize the worst weighted per-stream MSE
subject to source and relay power constraints, thus ensuring
weighted fairness among multiple data streams. The resultant
optimization problem being nonconvex, we propose an algo-
rithmic solution by resorting to the block coordinate update
approach, which iteratively solves for the optimal source and
relay precoders, and receive filters until convergence, which is
guaranteed in this case. The superiority of our proposed robust
design approach is demonstrated by numerical simulations.

The remainder of the paper is organized as follows. Sec-
tion II introduces the system model and outlines the robust
joint transceiver design problem. The iterative algorithm pro-
posed to solve the nonconvex optimization problem is exposed
in Section III. Numerical results and discussions are reported
in Section IV. Finally, Section V presents the conclusions.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a MIMO multiuser relay network where M
AF relay nodes assist the one-way communication between
K source/destination pairs, as depicted in Fig. 1, with all the
nodes equipped with multiple antennas. Specifically, the k'
source and destination, respectively, employ Nsj and Np
antennas, for k € K = {1,2,---, K}, while the m™ relay
employs Ng ,,, antennas, for m € M £ {1,---,M}. All the
relays work under the half-duplex AF protocol in which the
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Fig. 1. Multiuser MIMO relay network with each source transmitting multiple
data streams to its corresponding destination.

data transmission from the sources to their destinations is com-
pleted in two stages. In the first stage, all the sources transmit
their signals to the relays simultaneously while in the second
stage, the relays apply linear processing to the received signals
and forward the resultant to all the destinations. We assume
that no direct links between the sources and destinations are
available due to the severe attenuation.

A narrowband flat-fading radio propagation model is con-
sidered where we denote by H,,, j, € CNem*Ns.k the channel
matrix between the k" source and the m" relay, and by
Gim € CNo.eXNe,m the channel matrix between the m™ relay
and the k™ destination. Let sy 2 [sp1,--- ,Sk.q,] denote
the information symbols to be transmitted by the k™ source
at a given time instance, where dy < min{Ngy, Np} is
the number of independent data streams. The symbols are
modeled as independent random variables with zero mean
and unit variance, ie., E{s;sf/} = I,,. The k™ source
applies a linear precoding matrix Fj, € CNs#*dr to map
the information symbols s to its Ngj transmit antennas.
The transmit power is thus given by Tr (FkaH ) < PR,
where Pg%* is the maximum affordable power of the K
source. Let ng ,, € CNe.mx1 pe the spatially white, additive
noise vector at the m® relay, with zero mean and covariance
matrix E {anLnl{{ m} = aémI Ni.m- After the first stage of
transmission, the received signal at the m'™ relay is given by

K
ZR,m = Z Hm,kaSk + nR m- (1)
k=1
Each relay then applies a linear precoding matrix W,, €
CNemxNeom (0 zg ., and forward the resulting signal

K
rRm = WnZrm = Y Wi Hy, kFis + Wonng - (2)
k=1
to the destinations with power

K
Prn =Y Tr (W, H, FFHT W)
k=1
+opm Tr (W, W) . (3)

Let np;, denote the spatially white, additive noise vector at
the k™ destination with zero mean and covariance matrix
E {nD’kngk} = UékIND‘k. The k™ destination observes the
following signal after the second stage of transmission

K M
Y = Z Z Gk’,m,WmHm,qusq
g=1m=1
M
+ Z Gk,mwmnR,m + np k (4)
m=1
where subscript ¢ is now used to index the sources. To
estimate the [ data stream from its corresponding source,
the k™ destination applies a linear beamforming vector uy
to the received signal, thus forming a receive filtering matrix
Ui = [ug1, kg, ) € CNorXde The estimated informa-
tion symbols can then be given by

K M
=Y UlGpmW,H, Fs,
g=1m=1
M

+ Y U GrmWingm + Uffnp . (5)

m=1
We adopt the MSE as the QoS metric for each estimated
data stream. The major advantage of using MSE is to make the
design problem tractable, which has been well justified in the
relay precoder design literature (see e.g., [S] and references
therein). The MSE of the I estimated data stream for [ €

Dy = {1,--- ,dy} at the k™ destination is defined as
eng = E{|851 — sua*}- (6)
Using (5), we can obtain
M 2
€kl = ullf,l Z G W, H,, 1 Fr — e{,l
m=1
K M 2
+ Z uﬁl Z Gk,meHm,qu
q=1,q#k m=1
M 2
+ Z oﬁ,m ||ugle,me|’ + J%,k ||uk71\\2 @)
m=1

where ey, ; is a dj x 1 vector with all zero entries but the it
entry, which is equal to one.

In typical relay scenarios, the CSI of both source-relay and
relay-destination links available at the central processing node
is often imperfect due to channel estimation errors, limited
quantized feedback, and feedback delays. To model the CSI
errors, consider expressing the true but unknown channels as

Hm,k = I:Im,k + AHm,ka Gk,m = Gk,m + AGk,m (9)

where PAIm’k and Gk’m, respectively, denote the estimated
source-relay and relay-destination channels, while AH,, ;, and
AGy, ., capture the corresponding channel uncertainties. A
statistical uncertainty model is considered here where the
elements of AH,,; and AGy,, are zero-mean Gaussian



random variables. Specially, using the Kronecker model [6],
they can be in general written as

AHm k= 21/2 AI_I'm k\Illfjk (10)
AGk m = 21/2 AGk m é{fm (11

where Xy, ,, Xg,,, are the row correlation matrices and
Yy, > ¥a,., are the column correlation matrices, all being
positive deﬁnlte The entries of AHY  and AGY  are inde-
pendently and identically dlstrlbuted (1 id.) complex Gaussian
random variables with zero mean and unit variance.

In this work, we assume that the magnitudes of the CSI
errors are significantly less than those of the channel estimates,
and therefore, the third- and higher-order terms in AH,,, , and
AGy, ,, are neglected in the subsequent analysis. Substituting
(9) into (7), and applying the latter assumption, the MSE
incorporating the CSI errors can be written as in (8), shown
at the bottom of this page where the followmg notations
are introduced to simply the exposmon Qk m = Gk mWm,
ka—W Hmkandiq Zm 1kaW quF

We observe that the MSE ¢j; now becomes uncertain in
the CSI errors AH,, x, V(m,k) € MxK, and AGy ,
vm € M. Therefore, we shall next formulate the robust design
problem, which aims to guarantee satisfactory per-stream QoS
in the presence of such channel uncertainties.

For notational convenience, we define F 2 (Fy,--- ,Fg),
W2 (Wy,--- ,Wy)and U £ (Uy,---, Ug), which com-
pactly represent the corresponding design variables. We aim to
find {F, W, U} that jointly minimize the worst weighted per-
stream MSE subject to the source and relay power constraints.
Mathematically, the problem can be formulated as

min max  Kg,Ek,l (12a)
F,W,U VkeK,leD,
s. t. ?R,m < meR, VYm e M (12b)
Tr (FyFi) < PI, Vk €K (12¢)
where
Zri = E{ers}, Prom = E{Prm} (13)

respectively denote the averaged MSE and relay power,
{kk,1 >0:Vk € K,l € Dy} is a set of weights that are as-
signed to different data streams, Pr is a common maximum
allowed power for all the relays, and {p,, > 0: Vm € M} is
a set of coefficients used to control the power of each relay.
The above optimization problem is nonconvex and in gen-
eral NP-hard; therefore, finding a global optimum is computa-
tionally expensive, if at all possible. In fact, the large number
of design variables involved in the optimization makes even the

exhaustive search challenging. To overcome these difficulties,
it is more meaningful to employ instead a computationally
tractable algorithm which leads to a local optimum of the
design problem, as presented below.

ITI. ROBUST JOINT TRANSCEIVER OPTIMIZATION

In this section, we propose an algorithmic solution to the
problem (12), which is robust to the statistical CSI errors. To
further exploit the structure of (12), we need to compute the
averaged MSE and relay power in (13). First, exploiting the
independence of AH,,, , and AGy, ,,, the averaged MSE over
the channel uncertainties can be given by (14), which is shown
on top of the next page, where

K M
Z Tk?’q TkH,q + Z Ul%,m gk’m gk:Hm +012),k1dk'
q=1,q#k
(15)

To compute the expectations in (14), we shall make use of the
following lemma.

Lemma 1: Consider a matrix-variate Gaussian distributed
AX, ie., AX ~ CN (0,Ex ® ¥F), which can be expressed
as AX = £Y/2AXVWY/?, where the elements of AXY are
i.i.d. zero-mean complex Gaussian distributed with unit vari-
ance. Given any Hermitian matrix R, the following identity
holds: Eax {AXRAXH} =Tr (R¥x) Xx.

Then applying Lemma 1 to Z; in (14), we can obtain

m=1

T = uf E{AGk, Wy FFIW], AGE, L
= i T (Wa B FE W], ¥, ,, ) T, uk(16)
Similarly, 75 and Z3 can be simplified as

I =ufl, T (FFI0y ) GremZh,, Ghmurs  (17)
Ig = Uﬁ}mukH’l Tr (WmWTHn\IJGk‘m) Ekamuk’l. (18)
Based on (16)—(18), the averaged MSE (14) is equivalent to

_ H H H
ey =W Trp Ty pupy — 2R {u, Ty pen,}

+ u,{?fleuk,z +1+ ukH,leuk,z (19)
where
K M
%= (Tr (Wm,q FFH wf,{,q\IIGk,m) S, ..
g=1m=1
+Tr (FquH‘I’Hm)q) Gr.omZH,, , ngm>
M
+ ) or Tt (W, WHEG, ) S, .- (20)

M
€kl =

m=1 m=1

g

K
+ 2
q=1,q#k

m=1

ulekk+ZuklAkakaFk++Zuk[gkmAHmkF ekl

uk [Tk q + Z uk lAGk m Wm \q F + Z uk 1 gk m AHm qF

M
2 H H
+ Z UR7m Huk',l gk:7m +uk:,lAGk,7nW7n
m=1

2
+ o el

®)




K
Ep = ukHJ (T;%k Tﬁk —|—Rk) ug,; — 2% {ukHJ Tk,k ek,l} +1+ Z

K M

M=

E {ukH,lAGk,m Wm,q FqFé—I W,,I;Ihq AGkH,muk,l}

=1m=1

Q

I
M

=

+Y Y E {u;{l Gim AH,, F,FIAH! gl uk,l} + 3 02, E{ul AG, W, WIAGH ;). (14)

g=1m=1

m=1

1>

Is

After some careful inspection, we find that £, ; is convex with
respect to each of F, W and U, although not jointly convex
in all the design variables.

The averaged relay power Pg ,,, can also be obtained based
on Lemma 1, specifically:

K
Prom = Z <Tr(FkHﬂ£,kaLWmﬂm,ka)
k=1
+ Tr (FpFi ¥y, ) Tr (WEW,, 2y, ) )
+ 0 Tr (W, W) 1)

The convexity of Pg,, in each of F and W is immediate.

Note that the inner point-wise maximization in (12a) pre-
serves the partial convexity of €, ;. Hence, due to the partial
convexity of (12a) and (12b), problem (12) has a so-called
block multi-convex structure, i.e., the problem is convex in
each block of variables, although in general not jointly convex
in all the variables. Motivated by this property, we propose
an algorithmic solution for the joint transceiver optimization
based on the block coordinate update approach, which updates
the three blocks of design variables one at a time while fixing
the values of the remaining blocks. In this way, the original
problem is decomposed into three sub-problems, where each
amounts to updating F, W and U separately. We iterate
through the solutions to each three sub-problems in a Gauss-
Seidel manner, and repeat the procedure until a termination
criterion is reached. Next, we derive the solution to each of
these sub-problems.

1) Receive Filter Design: It can be observed in (14) that
€p, only depends on the corresponding beamforming vector
uy,;, while the constraints (12b) and (12c¢) do not involve uy, ;.
Therefore, for fixed F and W, the optimal uy,; for & € K and
l € Dy, in (12a) can be obtained independently and in parallel
for different values of (k,[) by solving the following equation:

Ok

— =0.
au;,l

(22)
The resulting optimal solution of (22) is the Wiener filter

-1
uy = (Tk,k Tﬁk +Ry + Qk:) Trrer,. (23)

2) Source Precoder Design: We then solve for the source
precoders F while keeping W and U fixed. For better expo-
sition of our solution, and after some matrix manipulations,

we can rewrite (12) explicitly in terms of F, as shown in (24)
on top of the next page, where

M
Z Ul%,m ( Tr (meg\l’ckm) ZG,M

m=1

+Gim gﬁm) + U%’kIND‘k}uk,l +1 (29

kil a H
as *uk,l{

Er; £ epief; and nrm £ pmPr — 0, Tr (W, WE). The
solution to the problem (24) is not straightforward and we
therefore need transform it into a more tractable forn%. To this
end, we introduce new variables f;, = vec (F;) € CVsx*! and

define the following matrices and vectors that are independent
of f,,Vk € K

>

M M
ALLE S 1 o (WUl Bt W,
m=1 n=1

H H
+ Tr (uk,lsz,muk7l) W, ¥, . Wik

+ Tr (ugl G Zi,, G uk,l) ‘I’Hm,q)
(26)

M
ab! 2 vec (Z wil Ui, Ek,l> (27)
m=1

P 2T © (W W+ T (WEW,, Sy, ) B, )
(28)

where Uy, £ UkH ka It is not difficult to verify that Alf:é
and A}’ are positive definite matrices. Then we use the fol-
lowing identities, Tr (A BA) = vec (A7 (1@ B)vec(A)
and Tr (A”B) = vec (B)" vec(A) to transform both the
objective and the constraints in (24) into quadratic expressions
of fi, and finally obtain the equivalent formulation

e (292)
= t
. FEAVIE, — 2R S f7al! b +alt < —
5 ;q 1.q%q {ka2}+a3 = e
Vk € K,1 € Dy (29b)
K
ZflfAZkak <NRym, VmeM (29¢)
k=1
£llf, < PR, Vke K (29d)

where t is an auxiliary variable. Problem (29) by definition
is a convex separable inhomogeneous quadratic-constrained



K M M

min  max
F VkeK,leDy
q=1m=1n=1

M

R D S0 D T (B W UL Bl Wiy Fo) = 3 2R (T (BiyUiein Wi Fi)} + a5

m=1
K M

+ 3 f: Tr (Ff W W6, Wi Fq) Tr (ukH,lEGkYmuk,O +3 Y T (Ff\pHm,qu) Tr <u,€{l Grom Sy G ukJ)

g=1m=1
K

s. t. Z Tr
k=1

Tr (FkHFk) < PV, ke K

/N

g=1m=1

Pl (ﬂz,kwgwmﬁm,k T (WEW,LS, ) \Ilm)Fk) < oy ¥ € M

linear program (QCLP). This class of optimization problems
can be equivalently recast as a standard second-order cone
program (SOCP), which can be efficiently solved by a generic
external optimization tool, e.g., SeduMi [7]. Due to the space
limitation, the details of the transformation to the SOCP are
omitted.

3) Relay Precoder Design: To solve for the relay precoders,
we concatenate the design variable into a single column vector
as
w1 vec (W)

: = : . (30)

W vec (W)

. . . A
For notational convenience, we also introduce H,,, =

H,, F; and define the following intermediate quantities,
which are independent of w:

(32)

Blgfn 2 Z [Tr (uglsz,muk»l) H%qﬂaq ¥,
q=1
+ Tr (FY Oy, F,) S oUuy, Ek,luk,m}
+ o T (uf 86, up) Ing,, © ¥,

+ a'l%,m,INR,m ® (ukH,m Ek,luk,m)

m,q

(33)

o
NS
(1>

od s I ]” +1 (34)

K
Y 2 * T
B5am - |:0'R,mINR,m + § (Hm,ka,k
k=1

+ Tr (FrF{ @y, ,) Eﬁm’k)} @ Ing,, (35

where B} is a block matrix with the (m, n)™ block as defined
above.

Using the identities Tr (AH BCD# ) =
vec (A)" (DT @ B) vec (C), Tr (A”BA) =
vec(A)” (I@B)vec(A) and  Tr(AYB) =

vec (B)? vec(A), we can formulate the optimization

(24)
problem as follows:
mi{l t (36a)

M
s. t. WHB]f’lW - Z 2R {wﬁbgin}
m=1

)

M
t
+ > wWHBE w, + b < ——, VD keK
m=1 k

(36b)

wiBs W < pmPr, Ym € M. (36¢)

Since Blf’l, B};in, and Bs ,, are all positive definite matrices,
(36) is also a convex separable inhomogeneous QCLP.

The overall algorithm, with the following convergence prop-
erty, iteratively solves sub-problems (22), (29) and (36) until
a termination criterion is reached.

Proposition 1: The objective (12a) is monotonically non-
increasing after each sub-problem is solved, and lower bound-
ed by zero. Therefore, the iterative algorithm is convergent.

IV. SIMULATION RESULTS

This section presents Monte Carlo simulation results to
verify the robustness of the proposed algorithm against the
channel uncertainties. In all the experiments, we consider a
scenario with K = 2 source/destination pairs and M = 2
relays, where all nodes are equipped with 3 antennas, i.e.,
Nsr = Nrm = Npyxr = 3, Vk,m. Each source transmits
2 independent data streams to its corresponding destination,
ie., dr = 2, and equal weights x; Vk,[ are assigned to all
the data streams. Equal noise variance of, ;, = og ,,, and unit
maximum source and relay power FP'2* = p,, PR = 1,
Vk,m are assumed. The channels are assumed to be flat-
fading, with the coefficients given by zero-mean unit-variance
complex circular Gaussian random variables. The signal-to-
noise ratios (SNRs) at the “{ae}ays and the destinatiOQ§axare
defined as SNRg,, = 1\[5;7“ and SNRp ;, = 1\[5‘;70%,
respectively. The channel correlation matrices in (10) and (11)
are obtained by the widely-employed exponential model [8].
Specifically, they are given by [EHm,k}i’ = [EGk.m]l"j =
ol =il and Wy, = Vg, = agﬁ”_j[], i,j € {1,2,3},
where o and 3 are the correlation coefficients, and o2 de-
notes the variance of the CSI errors. The available chan-
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Fig. 2. Worst per-stream MSE of different approaches versus SNR under
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nel estimates, i.e., ﬁm,k and Gk,m are generated accord-
ing to H,,  ~ CN (ONR,m,XNS,k7 %EH ® \Ifgm‘ ) and
kam ~CN (ONM x Ni.m 1;—;’32%” ® \Iigkm> , Tespective-
ly, such that the elements of the true channéls have unit
variances. We compare the proposed robust design approach
in Section III with i) the non-robust approach, obtained by
neglecting the effects of CSI errors in the robust approach in
Section III, ii) the perfect CSI scenario, obtained by using the
true channels in place of the estimated channels in the robust
approach in Section III and dropping the CSI errors, and iii)
the theoretical MSE given by the optimal objective value of
(12) after optimization (labelled as “optimal MSE”).

In Fig. 2, the worst per-stream MSE is shown as a function
of the SNR with different variances of CSI errors. It is ob-
served that the proposed algorithm achieves better robustness
against the CSI errors than the non-robust design approach
in all cases. Especially, the performance gains are significant
in median and high SNR regime. For the non-robust design,
degradations are observed because the MSE discovered at high
SNRs is dominated by the interference, rather than the noise.
Therefore, the relays are confined to relatively low transmit
power in order to control the interference. We also observe
that the “optimal MSE” and our simulation results tally well,
which justifies the approximations invoked in calculating the
MSE in (8). We thereby conclude that the proposed transceiver
design is capable of achieving an improved robustness against
CSI errors when compared to the non-robust approach.

The effects of channel correlation on the MSE performance
of different approaches are investigated in Fig. 3. It can be
observed that the robust design shows consistent performance
gains over its non-robust counterpart with different o and
o2. The discrepancies between the two approaches become
less significant with an increase in o because the achievable
spatial multiplexing is reduced by a higher channel correlation,
and therefore the robust design can only attain a limited
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Fig. 3.  Worst per-stream MSE of different approaches versus channel

correlation factor o under different values of CSI error variance (G is fixed
to 0.45; SNRR,,, = SNRp ;, = 10dB).

performance improvement.

V. CONCLUSION

This paper studied the joint transceiver optimization in
multiuser MIMO relay networks in the presence of statistical
CSI errors. A robust design approach was formulated to min-
imize the worst per-stream MSE subject to source and relay
transmit power constraints. To overcome the non-convexity
of the problem, we then proposed an algorithmic solution
by adopting an iterative block coordinate update approach,
where the original problem is decomposed into three convex
sub-problems, and solved iteratively until the objective value
converges. Results of simulation experiments over correlated
Rayleigh flat-fading channels confirm the improved robustness
of the proposed robust design approach against the CSI errors.
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